We describe a new diffraction technique to investigate the surface of single crystal surfaces. Its geometry is the same as that of the RHEED technique. In GIFAD, instead of 10-30 keV electrons, the projectiles are neutral atoms (mainly helium) with energies in the keV range. We present few results obtained with GIFAD highlighting the simplicity of interpretation.
I. INTRODUCTION
Most diffraction techniques exist in a grazing incidence version where the particles illuminate the surface under grazing angle of incidence. Most often, this geometry increases the surface sensitivity. For X-ray which have a large penetration depth, normal incidences diffraction is hardly sensitive to the surface since this later represents a negligible contribution. Thus, for X-rays only the grazing geometry allows a sufficient surface sensitivity since the depth normal to the surface can be orders of magnitude smaller that the mean free path. Electron diffraction techniques also appear in two flavors, Low Energy Electron Diffraction (LEED) and Reflected High Energy Electron Diffraction (RHEED). LEED operates at near normal incidence with electrons typically below 100 eV and is readily surface sensitive because the electron elastic mean free path is very short typically below 10Å. LEED is probably one of the most sensitive techniques to the actual surface crystallography allowing easy identification of various surface reconstruction and measurements of lattice parameters. It however hinders the half space above the surface so that it is not compatible with online monitoring of thin film growth where the surface directly faces molecular beams. For this application, the grazing incidence RHEED technique is used which provides a sort of projected view of the surface reconstruction. More interesting, the variation of the diffracted intensity with the degree of completion of the outmost layers allows quantitative evaluation of the growth rate. These intensity variations, known as RHEED oscillations can be observed with naked eye on the phosphor screen and largely explain the success of RHEED in molecular beam epitaxy (MBE) reactors. As to the detailed information embedded in the relative intensities and in the shape of the diffracted spots it remains, even nowadays, difficult to interpret because the typical momentum exchanged during the interaction of electrons with the screened electron density of the target atoms is much larger than typical reciprocal lattice vectors. In other words there is no perturbative approach * This paper was presented at 10th We briefly recall the characteristics of this technique before presenting its grazing incidence version GIFAD.
II. DIFFRACTION OF THERMAL ENERGY HELIUM ATOMS
In a simple view, the interaction governing the scattering of helium on a surface can be seen as the Pauli-like repulsion taking place when the electronic density of the He projectile penetrates that of the surface. For thermal energies (10-50 meV), the projectiles cannot approach the surface closer than few angstroms. On one hand this probably makes TEAS the most surface sensitive in the sense that only the topmost layer is probed. On the other hand, at 3-4Å from the atomic plane, the helium atoms do not get close enough to the surface to probe its electronic density in region where interesting surface electronic rearrangement are taking place. The increase of normal energy would allow more interesting distances to be probed but the helium De Broglie wavelength rapidly becomes smaller than the typical vibration amplitude of surface atoms so that the coherent scattering signal vanishes as is well described by the Debye-Waller factor.
In practice, nowadays the actual applications of TEAS are much more focused on observing topological aspect such as terraces and ad-atoms, their size, their density and their mobility [1] rather than the detailed surface electronic density. Most of all, this last aspect has turned more or less obsolete with the advent of near field probes such as atomic force microscope or scanning tunneling microscope. In addition, TEAS is comparatively bulky because of the need for supersonic beam together with an in vacuum movable point by point ionization detector. Recording a diffraction diagram is therefore incompatible with online monitoring of MBE reactors.
III. GIFAD, EXPERIMENTAL SETUP
The geometry of the interaction region is similar to that of RHEED systems (Fig. 1) . It leaves the crystal surface free but requires an imaging detector few tens of cm downstream. Both the beam production and the imaging detector in GIFAD are quite different from those of RHEED. It requires more than a simple filament to pro- duce a keV beam of atoms. The simplest approach is to start with an ion beam accelerated at the desired energy and to neutralize it in a charge exchange cell. To avoid degradation of the beam divergence, the pressure inside the neutralization cell should be kept low enough to ensure single collision condition i.e. such that not more that 10-20% of the primary ion beam is neutralized. The neutral beam is then sent into the UHV chamber through small diaphragms few hundred micrometers in diameter. The atoms impinge on the surface at glancing incidence and the diffraction pattern is imaged on a position sensitive detector. This later can be either a single particle detector [2] or a micro-channel plate converting a helium impact into an electron cascade accelerated towards a phosphor screen. The first diffraction results [3, 4] were unexpected because the wavelength is so short, much smaller than typical vibration amplitudes, that all textbooks on atom scattering at surfaces were considering purely classical behavior. All aspects are not completely understood but in a simple view the grazing incidence situation allows a quasi-perfect separation of the motion parallel and normal to the surface. This can be understood as due to the fact that the exchange of a reciprocal lattice vector parallel to the beam direction is very unlikely as it has a high associated energy [3] and a weak coupling [5] . As a result, the 2D potential energy surface often depicted as an egg box periodic structure is replaced by a 1D roof like corrugated wall resulting from the translational symmetry along the beam direction [3] . Then, the diffracted intensity profile can be interpreted as that of a helium atoms with effective energy given by the normal component E ⊥ = E 0 sin 2 θ where E 0 is the total kinetic energy of the projectile and θ the angle of incidence. In this respect GIFAD is a simple grazing incidence equivalent of TEAS with an easily adjustable energy. It turned out to be more than that because, at variance with TEAS, the scattering of the projectile results from several successive shallow momentum transfers from the successive surface atoms encountered along the trajectory. As a result the effective decoherence is reduced by a factor e −N where N is the number of surface atoms encountered [6, 7] . This later depends on the angle of incidence and of the interaction potential but typically ranges around 10 explaining why the decoherence is much less important than in TEAS. This allows working at high surface temperature and normal energies in the eV range. This is precisely were electron rearrangement at the surface are easy to observe and interpret. This is illustrated in the next sections with two simple examples. On the practical point of view another definite advantage is that the LEED-like TEAS diffraction pattern (collected on the full half-space above the crystal surface) is now reduced to a narrow diffraction cone which fits on a reasonably compact imaging detector just as in RHEED. In addition the detection of keV atoms is relatively easy with a single micro-channel plate on top of the RHEED phosphor screen. With few thousand counts per second in the primary beam, a 2D image of the full diffraction pattern takes only few tens of seconds.
IV. REVISITING THE LIF(001) SURFACE AS A TEST
The diffraction of He and H 2 on LiF(001) surface have been investigated as early as 1930 by Esterman and Stern [8] . This was even the founding experiment to establish quantum mechanics at the level of a composite system, i.e. atoms and molecules. Using simple model such as the hard wall model, it was soon realized that the diffracted intensities can be converted into a 2D corrugation function Z E (X, Y ). Z E being the elevation Z where the interaction potential between the surface at coordinate X, Y and the helium atom equals the incident kinetics energy, i.e. more or less the turning point of the classical trajectory at the coordinate X, Y . For an arbitrary shape of this iso-energetic profile, the diffracted intensities are obtained by the square of a Fourier-like transform of this profile. It was rapidly realized (see e.g. [9] ) that the LiF(001) corrugation could be model as a sinusoidal function Z E = Z cst + ζ 0 /2 * [cos(2πX/a) + cos(2πY /a)] with a, the lattice parameter and ζ 0 = 0.3Å, the corrugation amplitude. With such a simple analytical form of the Hard Wall the diffracted intensities are given by the square of Bessel functions. Note however that in this representation, the Li atoms are not really "seen", they just supposed to sit at the minima of the potential surface. In FIG. 3: Assuming a Hard Wall model with a close to cosine shape [7] , a simple adjustment of the diffracted intensities by Bessel function provides the corrugation amplitude. This observed corrugation amplitude is displayed for 400 eV helium atoms shot at various angle of incidence on a LiF(001) crystal aligned along the 100 (blue) or 110 direction. The horizontal scaled is the normal energy E.
GIFAD, the LiF(001) surface can be probed either along the 100 or 110 directions (Fig. 2) . In the first case, the averaging along the beam direction should yield a null corrugation amplitude whereas, our results displayed in Fig. 3 readily contradict this simple description since a net ζ 0 ∼0.07Å corrugation is observed highlighting the fact that the averaging on top of the LiF string is not the same (higher) as the one in between the rows. In addition, the fact that the corrugation amplitude increases with energy simply shows that the potential is softer in between rows than on top of a row. It is more difficult to push on top of an atom that in between two atoms! Along the 110 direction, the averaging should yield the same value as that obtained in TEAS i.e. ζ 0 = 0.3Å. The results displayed in Fig. 3 agree qualitatively, but interestingly there is still an evolution with the normal energy and it is opposite to that obtained along the 100 direction. This simply means that the through to peak amplitude decreases. By definition the ridge is always higher than the bottom of the valley but it can be softer in that its altitude decreases more rapidly than that of the valley when the helium energy is increased. This is indeed the case along 110 where the ridge corresponding to fluorine atoms is softer than the bottom of the valley made of lithium atoms which are compact but very stiff as can be found in any textbook. A more detailed analysis of the diffracted intensities also shows a non sinusoidal shape of the hard-wall that could be interpreted as due to the influence of the Li atoms. Compared with ab initio quantum chemistry codes, a buckling of 0.053Å of the Li atoms have been suggested [10] .
V. ZNSE(001)
GIFAD has also been successfully applied to semiconductors. We present hereafter an illustration of the benefit of fast atom diffraction on reconstructed surfaces.
The experiment has been performed on a epitaxial
[110]
[100] ZnSe(001) film grown by MBE on a GaAs(001) substrate. Figure 4 presents GIFAD patterns measured with 400 eV He along the main crystallographic direction [11] . Analysis of the spot spacing shows a c(2×2) reconstruction [12] . A simple visual inspection of the [110] and [110] patterns indicates a larger corrugation along the latter direction; this can be seen from the higher number of diffraction peaks observed on the diffraction image. In terms of periodicity, these directions are equivalent and are therefore difficult to differentiate by common diffraction techniques, yet these can be distinguished unambiguously by GIFAD. A finer analysis of the [100] data provides another valuable piece of information on the electron rearrangement at the reconstructed surface. The diffraction pattern is fitted using a harmonic expansion of the corrugation func tion [11] . The result of such a treatment is shown in Fig. 5 ; the corrugation exhibits a clear maximum in the vicinity of the Se atoms, corresponding to an excess electron density. This information is directly accessible with GIFAD because the incident atom probes the valence electron density above the surface, whereas X-Rays as well as electrons explore electron densities much closer to the atomic cores. This electron rearrangement has been observed experimentally [13] and later on confirmed theoretically [14] .
VI. CONCLUSIONS
We have presented the diffraction of helium atoms under grazing incidence. It presents similarities with the RHEED technique. It has the same interaction geometry and is potentially able of online monitoring. The intensity oscillation should be even more pronounced since keV atoms cannot penetrate the terraces or islands present before layer completion. The differences are that it is exclusively sensitive to the topmost layer and the ease of interpretation should allow a better qualitative understanding of the modifications taking place as the layers grow.
